We demonstrate a straightforward and rapid atomization process driven by surface acoustic waves that is capable of continuously producing spherical monodispersed submicron poly-ε-caprolactone particle aggregates between 150 and 200 nm, each of which are composed of nanoparticles of 5-10 nm in diameter. The size and morphologies of these particle assemblies were determined using dynamic light scattering, atomic force microscopy and transmission electron microscopy. Through scaling theory, we show that the larger particle aggregates are formed due to capillary instabilities amplified by the acoustic forcing whereas the smaller particulates that form the aggregates arise due to a nucleate templating process as a result of rapid spatially inhomogeneous solvent evaporation. Minimization of the free energy associated with the evaporative process yields a critical cluster size for a single nucleus in the order of 10 nm, which roughly corresponds with the dimensions of the sub-50 nm particulates.
Introduction
Polymeric nanoparticles are critical to a wide range of emerging applications, including in vivo drug and gene delivery [1] , amplification of DNA hybridization biosensors [2] , and immunodiagnostics [3] . The conventional techniques currently employed, which include solvent evaporation/extraction [4] , spray drying [5] , nanoprecipitation [6] , and emulsion photocrosslinking [7] , typically require multi-step procedures, the use of a considerable amount of solvent, and often result in a wide distribution of particle sizes. Other non-conventional techniques overcome these problems but have troubling drawbacks, as in high voltages for electrospraying [8] , for example.
In this work we demonstrate the use of surface acoustic wave (SAW) atomization together with a nonuniform evaporation and nucleation process to give sub-50 nm diameter monodisperse nanoparticles. Atomization is a general term for the formation of droplets of one phase in suspension within another from a relatively large interface between the two phases; 3 Author to whom any correspondence should be addressed.
perhaps the best-known example of atomized droplets are the oil droplets used by Millikan in his famously controversial study on Avogadro's constant [9] . SAW atomization is a simple microfluidics technique that can be carried out on a chip-scale microdevice for portable drug delivery applications or scaled up for industrial production. It employs technology originally developed for the entirely different purpose of signal filtering and multiplexing [10] , and provides direct control over the size of the particles by defining the operating frequency of the ultrasonic vibration through the electrode design [11, 12] . Compared to standard ultrasonic atomization techniques [13] , it offers far higher operating frequencies and therefore smaller droplet output, and represents a step in the emergence of microfluidics technology in the formation of nanoparticles for targeted drug delivery and other applications [14] .
Surface acoustic wave atomization
Here the SAW atomization device is a single interdigital transducer (IDT) consisting of 25 pairs of straight electrodes formed of 250 nm aluminum atop a 4 nm titanium layer in Figure 1 . Surface acoustic waves are (a) generated across the LN substrate via an sinusoidal electrical input into the interdigital electrode. Acoustic streaming and subharmonic capillary wave generation [15] (b) occurs in a fluid droplet placed on the substrate as a consequence of interaction with the SAW. The acoustic streaming induces internal recirculation while the oscillatory acoustic field induces the capillary waves.
a basic full-width interleave configuration, sputter-deposited onto a 127.68
• Y-X-cut lithium niobate (LiNbO 3 or LN, Roditi UK, Ltd, London) single crystal piezoelectric substrate, as schematically depicted in figure 1(a). Absorption gel (α-gel, Geltec Ltd, Yokohama, Japan) was used to suppress the leftward SAW from the IDT. The SAW wavelength λ was chosen to be 440 μm, thus specifying the operating resonance frequency, 8.611 MHz, and electrode and interelectrode gaps along the x-axis at 110 μm. The IDT finger width perpendicular to the x-axis is 10 mm with a gap of 1 mm between the electrode ends and opposite bus bar, which has a width of 3 mm. Application of an oscillating electric field matching the resonance frequency at a power of 300 mW then induces a shallow (3-4λ deep) electroelastic Rayleigh wave [10] along the substrate surface with a displacement of approximately 10 nm, as illustrated in figure 1(b) .
Using a syringe pump at a flow rate of 24 ml h −1 , we maintained a 25 μ droplet of the working fluid on the substrate in the path of the SAW, composed of 1% w/w poly-ε-caprolactone (PCL, Sigma-Aldrich Pty. Ltd, Australia) dissolved in acetone; PCL is a biocompatible and biodegradable polymer which is commonly used for in vivo controlled release drug delivery [16] due to its combined permeability and slow in vivo degradation characteristics into harmless metabolites in 18-24 months, and is indeed promising for uses in other geometries [17] . Transmission of acoustic energy into the liquid drop then occurs through leaky SAW, shown in figure 1(b) , which is the diffraction of the axially-polarized compressional wave component of the SAW into the fluid at the Rayleigh angle, θ R , defined by the ratio of the bulk wave speeds in the substrate and the fluid; for LiNbO 3 and water, the Rayleigh angle is θ R = 23
• [12] . The radiation may be used to move [18, 19] , mix [20] , or atomize the fluid droplet. As the leaky SAW propagates in the fluid, capillary waves are induced at the liquid-air interface due to excitation of lower-order vibration modes at the liquid interfacial membrane. With sufficient power input into the drop such that the acoustic stress overwhelms the capillary stress, destabilization of the interface occurs resulting in atomization of the liquid, thus producing a fine continuous mist of droplets as shown in the movie (available at stacks.iop.org/Nano/19/145301). As the droplets are ejected, the residual solvent in which the PCL is dissolved evaporates in-flight, leaving behind solid polymer particles. Here, the atomization is carried out at room temperature and 50% relative humidity. For PCL concentrations greater than 1% w/w, a polymer film forms along the substrate surface within a few minutes of operation, reducing the amount of acoustic energy that is allowed to propagate into the drop and therefore reducing atomization efficiency. To maximize the potential yield of the atomization device, we have chosen the maximum feasible concentration of PCL in acetone at 1% w/w for this study.
The PCL solution was first atomized into 50 ml of continuously stirred mixtures of deionized water and surfactant for 20 min placed at varying distances from the SAW device. The surfactants used were sodium dodecyl sulfate (SDS) and Tween-20 (both Sigma-Aldrich Pty. Ltd, Australia); SDS is a common anionic surfactant and Tween-20 is a nonfoaming, non-ionic, biocompatible surfactant. The critical micelle concentrations (CMC) of SDS and Tween-20 are 8.7 and 0.06 mM, respectively. Due to the hydrophobic nature of PCL in the surfactant/water mixture, the particles tended to accumulate at the liquid surface, forming large polymer agglomerates. After removing the aggregates from the surface, the suspension was centrifuged at 7000 rpm for 10 min. The aliquot was separated for particle sizing.
Particle size measurements
The z-average diameter [21] of the suspended particles was measured using a dynamic light scattering (DLS) device (Zetasizer Nano S, Malvern Instruments Ltd, UK), capable of measuring particle sizes in the range 0.6 nm-6 μm for millions to billions of particles. For each set of system parameters, the atomization procedure and particle size measurement was carried out three times.
The particle sizing results from DLS were confirmed using transmission electron microscopy (TEM) and atomic force microscopy (AFM). In the former, PCL nanoparticles were collected into an agitated 0.1% v/v Tween-20 solution, placed 8 cm below the SAW device, and samples of the solution were placed on a TEM substrate (holey support film, 200 mesh copper grid, ProSciTech, Australia) and subsequently air dried in a covered container. The particles were then imaged using a TEM (Phillips CM20, Royal Phillips Electronics, Australia) with a resolution of 0.27 nm. In the latter, 20 μ of a water/ethanol mixture in which the surfactantfree PCL particles were collected within was pipetted onto atomically flat mica and dried under a nitrogen gas flow for 15 min; the addition of ethanol served to prevent rolling of the particles by the AFM tip due to the water acting as a lubricant [22] . The surface morphology was then imaged using a Nanoscope IV Multimode AFM (Veeco, USA) in tapping mode, using MikroMasch NSC15 probes at resonant frequencies of approximately 300 kHz. The z-average diameters of the nanoparticles produced by the SAW atomization process and collected in SDS and Tween-20 across varying distances from the SAW device, obtained through the DLS measurements, are tabulated in table 1. The smallest particles were obtained for 10 mM SDS and 0.1 % v/v Tween-20 with z-diameters less than 160 nm, though the concentration of either surfactant had little effect on the z-average particle diameter until the concentration was increased well beyond the critical micelle concentration for each surfactant, at which time the average particle diameter increased dramatically. Curiously, as the distance from atomizer to collection fluid is increased from 6 to 8 cmwhile holding the other parameters constant-the z-diameter decreases slightly and subsequently increases significantly as the separation distance is further increased from 8 to 16 cm. Beyond 16 cm to as much as 50 cm separation distance, the particle diameter remains unchanged. The size distributions of the nanoparticles collected in the lowest SDS and Tween-20 concentrations are shown in figure 2, indicating the particle distributions are both symmetric and monodisperse with either measurement technique. Further, these nanoparticles are noticeably smaller than those generated by a 1.85/5.32 MHz piston atomizer and collected in SDS solutions of similar concentrations [23] . The observed trends also agree with those in Lee et al [24] , who noted that the particle size increased with the Tween-20 concentration. However, while we expected to improve the monodispersity of the suspensions by sonicating the collection solution during atomization, we note the opposite result from table 1, probably due to agglomeration breakup as discussed later.
TEM images of the nanoparticles are shown in figure 3 (a). The average diameter over 21 nanoparticles observed in images like figure 3(a) was 131 ± 32 nm. In addition, the particles were observed to be composed of agglomerations of particles of far smaller diameter, as may be seen in the enlargement figure 3(b) ; though the morphology of the agglomeration cannot be discerned here using the TEM, the sizes are consistent with the AFM images in figure 3(c) , which shows the surface of an atomically flat mica surface covered with spherical nanoparticles with diameters of 5-10 nm. A larger particle roughly corresponding to the 150 nm order diameters from the DLS measurements and TEM imaging, although flattened either by surface forces or by loss of solvent, may also be observed in figure 3(c) . Closer inspection of the surface morphology of this larger particle reveals that it consists of an agglomeration of smaller nanoparticles of similar size to those lying adjacent to the particle agglomerate. Those smaller nanoparticles presumably appear from breakup of the agglomerates while they reside in the collection fluid and during the evaporation of the carrier fluid on the mica substrate. Other 150-200 nm diameter particles similar to those shown (a) are consistently observed in other TEM scans (not shown). The diameter of the 5-10 nm small nanoparticles is neither affected by the distance between the atomizer and the collection fluid, the choice of surfactant, or the concentration of the surfactant, giving some indication of the mechanism of their formation discussed below.
Physical process of nanoparticle formation via SAW atomization
The formation of 150-200 nm order agglomerates of 5-10 nm particles can be explained via a twofold process as depicted in figure 4 , akin to the self-assembly of silica nanoparticles described by Lu et al [25] . Atomization forms microdroplets, figure 4(a) , via the Rayleigh mechanism in which the oscillation at the interface due to the presence of the leaky SAW acoustic field in the drop overwhelms the capillary stress at the interface. Destabilization of the interface causes its break up to form a fine mist of atomized droplets. The mean droplet diameter was originally estimated from a balance between the capillary and acoustic stresses by Rayleigh in 1883:
where γ and ρ are the surface tension and the density of the liquid, respectively, and f is the frequency of the acoustic radiation. Although the relationship above was first proposed for the case of bulk ultrasonic vibration [11] , we note that this scaling holds for any generic process in which the dominant forces are the acoustic and capillary stresses. Lang found empirically that a value of 0.34 was appropriate to include on the right of equation (1) [11], and some have suggested this actually is 1/π [26] , but here we ignore the value because we are looking for an order of magnitude estimate. The factor of eight within the square root, on the other hand, appears due to the subharmonic excitation of the capillary wave, perhaps best modeled by a Mathieu equation [15] . Assuming that the interfacial tension and density of the working fluid is close to that of pure acetone at 25
• C, i.e., 23.7 mN m −1 and 0.785 g ml −1 , respectively [27, 28] , the size of the ejected droplet due to acoustically driven interfacial destabilization is roughly 1 μm.
We assume that complete evaporation of acetone occurs during the fraction of time that the particles are in-flight as illustrated in figures 4(b)-(d) , reasonable given the simple diffusion-based prediction of the evaporation of a microdroplet of acetone would occur in microseconds and the time of flight is on the order of a second. We note from the DLS measurements in table 1 that the particle size increases with the distance the particle travels before reaching the collection fluid. However, the particle size does not increase beyond 200 nm as the travel distance is further increased beyond 16 cm, and this suggests the solvent is indeed completely evaporating. The increase in diameter may be due to the hardening of the nanoparticle agglomerations before impact at the collection fluid surface: the increase of the mechanical stability of these agglomerates due to the hardening prevents their separation when they 'hit' the surface of the collecting fluid. Assuming that each droplet, on average, contains 1% w/w PCL (density of 1.15 g ml −1 ), such that the particle volume after complete evaporation of the solvent is roughly 0.68% of the droplet volume, the average particle diameter is between 150 and 200 nm, which is consistent with the DLS and TEM results and the size of the particle agglomerates observed using the AFM.
The appearance of the 5-10 nm particulates that make up the larger particle agglomerates can be explained by a second process that occurs simultaneously during the in-flight evaporation of the solvent. Given that the evaporation occurs at the surface of the ejected droplets, the solute concentration is highest in a thin boundary layer adjacent to the droplet surface. Spatial nonuniformities in the surface evaporative process then result in a thermodynamic instability in which phase separation via spinodal decomposition takes place as a result of the rapid quenching of the temperature. Similar phase separation events are commonly observed in other ejection phenomena.
One example is in electrospinning jets, in which the phase separation is responsible for the formation of nanopores on the surface of the fiber [29] [30] [31] . In this case, the supercooleddriven phase separation process results in a metastable state in which both solvent-rich and polymer-rich regions exist, as illustrated in figure 4 . The latter solidifies much more rapidly than the former thus creating a series of nucleation sites along the surface of the evaporating droplet. The number of these sites is controlled by the solute concentration and solubility.
The above mechanism is corroborated by previous work on PCL-solvent systems [32, 33] . Acetone is known to be a good (hydrophilic) solvent for PCL, having closely matched solubility parameters [33] , and tends to promote intraaggregation between the PCL molecules [32] . Further, a large number of nucleation sites could be expected to form during rapid evaporation [34] , and as a result, each nucleation site therefore forms a cluster of PCL molecules until a critical size is achieved. Such template-induced crystalline self-assembly driven by solvent evaporation is well-known in colloidal systems [35] .
The critical cluster size can be estimated from classical nucleation theory. Assuming that the properties of each nucleus can be described by bulk properties, the net excess free energy change of a single nucleus with radius R is given by
where G v is the driving force for evaporation and γ n the surface tension of the nucleus. The critical radius R c can then be obtained when G R is a maximum:
Under rapid evaporative-induced supercooled conditions, it is possible to assume that the entropic contribution is small compared to the enthalpy change of vaporization (≈−540 kJ kg −1 ). For the polymer concentration used, the critical radius is then estimated to be in the order of 10 nm, commensurate with the 5-10 nm particulates that comprise the larger 150-200 nm order particle aggregates, even though it ignores the subsequent growth of the particles from remaining PCL in the surrounding fluid.
Conclusions
To conclude, we have demonstrated a straightforward and rapid technique for the synthesis of spherical monodispersed polymeric nanoparticles through a continuously operating SAW device. At a resonance frequency of 8.611 MHz, submicron particle assemblies between 150 and 200 nm were formed due to acoustically driven atomization via capillary instabilities at the interface of a PCL/solvent drop maintained on the substrate of a SAW device. These large particle aggregates, in turn, are composed of 5-10 nm particles. We attribute these smaller particles to form as a result of a spatially nonuniform solvent evaporation enhanced nucleate templating process. This technique offers a simple approach to efficiently generate very small biocompatible degradeable PCL nanoparticles appropriate for use in drug delivery systems. Its principal promise lies in the flexibility of the method in the use of different solvent-solute systems and the ability to introduce large molecules and other compounds into the atomization fluid for subsequent encapsulation, and this will be the focus of future work in this area.
